Osteoporosis is a multifactorial disease with a strong genetic component. Variations in a number of genes have been shown to associate with bone turnover and risk of osteoporosis. P2 purinergic receptors are proteins that have ATP or other nucleotides as their natural ligands. Various P2Y and P2X receptor subtypes have been identified on bone cells. Several cellular functions in bone tissue are coupled to P2-receptor activation, including bone resorption, cytokine release, apoptosis, bone formation, and mineral deposition. Furthermore, ATP release and P2 purinergic signalling is a key pathway in the mechanotransductory process, where mechanical stimulation on bone leads to anabolic responses in the skeleton. A number of single nucleotide polymorphisms have been identified in the P2 receptor genes, where especially the P2X7 subtype has been the focus of extensive investigation where several polymorphisms have been shown to have functional implications on receptor function; moreover, some polymorphisms are associated with alterations in bone turnover and bone mass. This review focuses on variations in P2 receptor genes and the association to bone turnover and -quality.
ABSTRACT
Osteoporosis is a multifactorial disease with a strong genetic component. Variations in a number of genes have been shown to associate with bone turnover and risk of osteoporosis. P2 purinergic receptors are proteins that have ATP or other nucleotides as their natural ligands. Various P2Y and P2X receptor subtypes have been identified on bone cells. Several cellular functions in bone tissue are coupled to P2-receptor activation, including bone resorption, cytokine release, apoptosis, bone formation, and mineral deposition. Furthermore, ATP release and P2 purinergic signalling is a key pathway in the mechanotransductory process, where mechanical stimulation on bone leads to anabolic responses in the skeleton. A number of single nucleotide polymorphisms have been identified in the P2 receptor genes, where especially the P2X7 subtype has been the focus of extensive investigation where several polymorphisms have been shown to have functional implications on receptor function; moreover, some polymorphisms are associated with alterations in bone turnover and bone mass. This review focuses on variations in P2 receptor genes and the association to bone turnover and -quality.
INTRODUCTION
ATP has long been recognized as an intracellular energy source. Since the concept of purinergic neurotransmission by extracellular ATP was first introduced in the 1970s (reviewed in (1, 2) ), it has become well-accepted that ATP is an important messenger molecule in the extracellular space for cell-cell communication. Nowadays it is clear that ATP plays an important regulatory role in a wide variety of biological processes in different cell types and organs (reviewed in (3, 4) ).
ATP can be released into the extracellular space via different mechanisms, i.e. lytic release as a result of cell lysis (necrosis, pyroptosis), and non-lytic release either via exocytosis (vesicular release) or via plasma membrane channels or pores. ATP release can be triggered under several conditions, such as traumatic shock and inflammation, and by various mechanical and other stimuli, such as shear stress, hypotonic swelling, hypoxia, stretching and hydrostatic pressure (reviewed in (5) ). Whereas the intracellular concentration of ATP is in the low millimolar range, the extracellular ATP concentration 
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is in the nanomolar range under normal physiological circumstances (6, 7) . The extracellular level of ATP is controlled by a number of ecto-enzymes which are located in the extracellular compartment, either located on the cell surface or in the interstitial medium. These ecto-enzymes rapidly dephosphorylate ATP into ADP, AMP and adenosine, which are also important in the purinergic signalling cascade (reviewed in (5)). Extracellular ATP acts through binding to specific receptors on the cell surface. These receptors are called purinergic P2 receptors and classified in P2X ( Figure  1A ) and P2Y ( Figure 1B ) receptor subclasses (8) . So far seven P2X (P2X1-7) receptor subtypes and eight P2Y (P2Y1,2,4,6,11-14) receptor subtypes have been identified. The P2X family of receptors are ligand-gated ion channels. P2X subtypes share the same general structure, having intracellular N-and C-termini, two membrane-spanning domains and a large extracellular loop containing 10 conserved cysteine residues (reviewed in (9) ). Binding of ATP to a P2X receptor causes a conformational change in the shape of the receptor, which results in pore formation and membrane depolarisation. This leads to an increase of intracellular [Ca 2+ ] both by direct Ca 2+ ion influx and by an inward Na + current that depolarises the cell and opens voltage-operated Ca 2+ channels (reviewed in (10) (11) (12) ). In comparison with other P2X receptor subtypes, the structure of the P2X 7 subtype differs somewhat in that it has a significantly longer cytoplasmic C-terminus. Short exposure to ATP stimulates the P2X 7 receptor, like the other P2X subtypes, to open a reversible membrane channel permeable to small cations (Na + , Ca 2+ , K + ), whereas sustained stimulation with ATP or repeated stimulation with sequential ATP pulses induces formation of a large pore that permeabilizes the plasma membrane to molecules up to 900 Da (13) . Figure 1B ) receptors are G protein-coupled receptors. They belong to the superfamily of seven transmembrane-spanning receptors, and are amongst the smallest G protein-coupled receptors (reviewed in (14) ). In addition to ATP, ADP and pyrimidine nucleotides (UTP and UDP) are also natural ligands for different P2Y receptor subtypes. However, one exception to this is the P2Y14 receptor which is only activated by naturally occurring UDP sugars (UDP-glucose), but not by ATP/UTP. Binding of a ligand to a P2Y receptor induces, for the majority of P2Y receptors, an increase in intracellular inositol (1,4,5)-triphosphate (IP 3 ), triggering release of Ca 2+ ions from thapsigargin-sensitive stores into the cytosolic compartment (reviewed in (15) ). Some P2Y receptors signal through the cyclic adenosine monophosphate (cAMP) pathway by either stimulating (P2Y11) or inhibiting (P2Y12,13) adenylate cyclase activity. Since it has been shown that purinergic signalling via these P2 receptors plays a central role in bone physiology (reviewed in (16, 17) ), it is nowadays suggested that aberrations in P2 receptor genes also could play an important role in the pathogenesis of osteoporosis. The present review provides a short update of the current knowledge on the role of P2 receptors in bone and will focus on genetic variations within the P2 receptor genes in relation to osteoporosis.
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ATP AND PURINERGIC SIGNALLING IN BONE
Kumagai and co-workers (18) were the first to show that ATP plays a role in bone physiology. In rat osteosarcoma UMR-106 cells, these authors demonstrated that extracellular ATP increased intracellular Ca 2+ and IP 3 concentration in these osteoblast-like cells, which was suggested to be mediated through P2 receptor activation. Subsequent experiments by Schlof et al. and Yu and Ferrier (19, 20) showing that ATP induced intracellular Ca 2+ elevation in non-transformed human bone cells as well as in rabbit osteoclasts, suggested that elevation of intracellular Ca 2+ may be a common response of both osteoblasts and osteoclasts to extracellular ATP.
These early experiments fuelled the notion that extracellular ATP might influence osteoblast and osteoclast function, and thus may play a regulatory role in the process of bone remodelling. Since then, a number of P2X and P2Y receptors have been identified on both osteoblasts and osteoclasts (Table 1) . Thus far, expression has been demonstrated of P2X2,3,4,5,6,7 and P2Y1,2,4,6,12,13,14 receptor subtypes on osteoblasts and of P2X1,2,4,5,6,7 and P2Y1,2,4,6,11 subtypes on osteoclasts (Table 1 ). In osteocytes, only expression of the P2X7 receptor subtype has been demonstrated so far (21) . Even though most P2 receptor subtypes appear to be expressed on bone cells, P2X7, P2Y1 and P2Y2 are currently considered as the most important receptor subtypes involved in the process of bone remodelling.
Effects of ATP and purinergic P2 receptors on osteoclast function
An effect of ATP on osteoclast function was initially shown in giant cell tumour osteoclasts. ATP exerted a small stimulatory effect on resorption pit formation by these cells (22). Next, potent stimulatory effects of ATP on the resorptive function of normal mammalian osteoclasts were observed by the group of Arnett (23) . These authors showed that incubation of an osteoclast-containing bone cell culture from neonatal rats with a low concentration of ATP (0.2-2 µM) resulted in an up to 5.6-fold stimulation of resorption pit formation (23) . It was unclear whether this stimulation occurred via a direct effect of ATP on osteoclasts, an indirect effect on osteoblasts, or both. In addition to ATP, ADP and 2-MeSADP, a selective P2Y1 receptor agonist, has also been shown to enhance resorption pit formation by osteoclasts, suggesting that the stimulatory effect on bone resorption was being mediated via the P2Y1 receptor (24).
Gartland and co-workers (25) provided further evidence that ATP could enhance bone resorption. In a coculture of human osteoclasts and UMR-106 rat osteoblastlike cells, it was shown that ATP enhanced osteoclastic bone resorption. In contrast, ATP had no effect on resorption in a culture of only osteoclasts, suggesting that the stimulatory effect on resorption that was observed in the co-culture was probably mediated via an effect of ATP on UMR-106 rat osteoblast-like cells (25). This was confirmed by Buckley et al. (26) , who showed that ATP did not influence resorption in cultures containing only osteoclasts, whereas resorption was enhanced by ATP when osteoclasts were co-cultured with UMR-106 osteoblasts, possibly due to upregulated expression of RANKL by these latter cells. Upregulated RANKL expression as well as downregulated OPG expression in response to ATP has also been observed in human SaOS-2 osteoblast-like cells (26, 27). Additionally, in SaM osteoblast-like cells it was shown that extracellular ATP, probably acting on P2Y receptors, stimulated the production of IL-6 (28) which is known to stimulate bone resorption in concert with RANKL.
In contrast to the above findings, which suggest that ATP at low extracellular concentrations (0.2-2 µM) could enhance osteoclastic resorption, there is also evidence suggesting that ATP at a higher concentration (200-2000 µM) may exert an opposite effect on osteoclast resorption. Morrison et al. (23) showed that bone resorption was inhibited by ATP, which was likely due to a cytotoxic effect on osteoclasts following P2X 7 receptor activation. More evidence for an apoptotic effect of the P2X 7 receptor was demonstratd by Gartland et al. (29) . Using human osteoclastoma-derived osteoclast-like cells these authors found that activation of the P2X 7 receptor by Benzoylbenzoyl-ATP (BzATP) inhibited bone resorption in vitro through initiation of apoptosis. Furthermore Ke et al. showed a significant lower trabecular bone mass in P2X7 receptor KO mice accompanied by an increased osteoclast surface and number (30). Lastly also Ohlendorff et al. (31) showed an involvement of the P2X7 receptor in ATPmediated cytotoxic effects on human osteoclasts. They found a single nucleotide loss-of-function polymorphism within the P2X7 receptor (Glu496Ala) to be associated with diminished ATP-induced osteoclast apoptosis in vitro (31).
Effects of ATP and purinergic P2 receptors on osteoblast function
Besides a role of P2 receptors in osteoclast resorption, numerous studies also describe a role for ATP in the regulation of bone formation by osteoblasts. Similar to osteoclast function, ATP seems to exert opposite effects on osteoblast function depending on extracellular ATP concentrations and P2 receptor subtype. In MC3T3-E1 osteoblast-like cells, it was shown that ATP induced mineral deposition (32). More recently, it was shown that ATP through binding to P2X7 receptors stimulated osteogenesis via activation of alkaline phosphatase, which promotes mineralization by hydrolyzing inorganic pyrophosphate (PPi) (33). In the same study it was also shown that P2X7-mediated stimulation of phospholipase D (PLD) resulted in production of phosphatidic acid and lysophosphatidic acid (LPA) (33, 34). As LPA upregulated, via binding to its receptor, the expression of osteoblast marker genes and stimulated mineralization, the authors suggested the existence a P2X7-LPA signalling axis involved in regulating osteoblast differentiation and osteogenesis during skeletal remodelling and mechanotransduction (33). In contrast, activation of P2Y2 receptors by ATP has been shown to strongly inhibit mineralized bone nodule formation (35-37), in combination which reduced expression and activity of alkaline phosphatase (38).
Taken together, the above results would suggest that bone formation may be enhanced by extracellular ATP via P2X7 receptor activation, whereas bone formation may be reduced via activation of P2Y2 receptors. Additional evidence for these opposite effects of ATP on osteogenesis derives from studies using knockout models. In mice lacking the P2X7 receptor, decreased periosteal bone formation in long bones and reduced osteogenesis relative to wild-type mice was observed (21, 30, 33) . In contrast, mice lacking the P2Y2 receptor, a small increase (9-17%) in bone mineral content of hindlimbs was observed compared to wild-type mice (38). These data from knockout mice provide strong evidence for a role of P2X7/P2Y2 receptors in bone development.
Role of ATP and purinergic P2 receptors in mechanotransduction
Mechanical stimulation is well-known to be essential for the generation of new bone, i.e. osteogenesis, but the exact mechanisms through which mechanical stimulation of bone is transduced into biochemical signals at the cellular level is still not clearly understood. It is thought that interaction between osteocytes and osteoblasts on the bone surface is the main mechanism for mechanotransduction, via production of signalling molecules by osteocytes that modulate bone cell activity. Since it was recently shown that osteocytes released ATP in response to mechanical stimulation (21, 39), ATP may be one of the signalling molecules contributing to transduction of mechanical stimuli in the bone microenvironment.
In addition to contributing to osteocyte-toosteoblast signalling, earlier experiments also indicated that ATP may be involved in the communication among osteoblasts and osteoclasts after mechanical stimulation. In 1992, it was found that mechanical stimulation of a single cell in monolayer of primary cultures of rat calvarial cells and in rat osteosarcoma cells induced intercellular calcium signalling (40). Subsequently it was demonstrated in UMR-106 cells that these so-called calcium waves among osteoblasts were partly propagated by the paracrine action of ATP through binding to P2Y2 receptors on neighbouring cells, inducing elevation of intracellular calcium (41, 42). Further studies using human osteoblast-like initial transfectant (HOBIT) cells and MC3T3-E1 mouse osteoblastic cells showed that ATP was released by osteoblasts in response to a number of different mechanical stimuli, including hypotonic stress, medium displacement and shear stress, and that it was this ATP release which could initiate intercellular calcium signalling between osteoblasts (43, 44). Moreover, the intercellular calcium signalling mediated by ATP release was shown to occur not only among osteoblasts but also between osteoblasts and osteoclasts. Mechanical stimulation of osteoblasts that were co-cultured with osteoclasts induced intercellular calcium signalling to osteoblasts as well as to nearby osteoclasts, via binding of ATP to P2X7 receptors (45). Thus, ATP release after mechanical loading may provide a mechanism for crosstalk between osteocytes, osteoblasts and osteoclasts.
In HOBIT cells it has been shown that ATP release after mechanical stimulation resulted in stimulation of protein kinase C (PKC)-dependent pathways, ultimately leading to activation of the transcription factor early growth response protein-1 (EGR-1), which is responsible for the activation of several genes involved in the control of cell proliferation, apoptosis and biology of osteoblasts (46, 47). Via the same pathway also the transcription factor runtrelated transcription factor 2 (RUNX2), which is essential in controlling osteoblast differentiation, was shown to be stimulated by ATP released following mechanical stress (48). More recent studies showed that the P2X 7 receptor is involved in the fluid flow-induced extracellular signalregulated kinase (ERK) activation, which is essential for the activation of various osteogenic genes including, c-fos, COX2, RUNX2 and RANKL (21, 49, 50) . Okumura showed complete inhibition of fluid flow-induced ERK activation by a P2X7 receptor antagonist, indicating that P2X 7 receptor functions as an initial activator in fluid flowinduced ERK activation (49). Liu et al. found partial involvement of the P2X7 receptor in fluid flow-induced ERK activation using osteoblasts derived from P2X7 knockout mice. In addition, they suggested that P2Y receptor were involved in fluid flow-induced ERK activation because U73122 (an inhibitor of the P2YR pathway) partially inhibited this activation (50) . Furthermore, it has been shown that prostagladin-E 2 (PGE 2 ), an osteogenic factor that contributes to the regulation of bone remodelling (51), was released by both osteoblasts and osteocytes as a result of activation of a P2 receptor (39, 52). The authors suggested that a metabotropic P2Y receptor was involved in this response, since Reich et al. (53) showed that flow-induced PGE 2 release was mediated through a G-protein. P2X7 receptor KO models showed that the PGE 2 release may also mediated through P2X7 receptors (21, 33).
Interaction of purinergic signalling with systemic factors
Besides direct effects of ATP on bone cells, ATP has also been shown to potentiate the response of bone cells to systemic factors. In UMR-106 rat osteoblastic cells, it was shown that the effect of PTH on the intracellular Ca concentration was augmented by binding of ATP to P2Y 2 receptors. PTH was not able to activate phospholipase C (PLC) without prior activation of P2 receptors (54, 55) .
Furthermore, it was demonstrated that activation of the P2Y1 receptor subtype potentiated PTH-induced c-fos gene expression (56) . This gene plays an important role in the skeletal system. Mice lacking the c-fos gene fail to develop osteoclasts, while upregulated c-fos expression leads to osteosarcomas (57, 58) .
Taken together, the above data deriving mostly from in vitro studies provide evidence for a versatile role of ATP in the process of bone remodelling. Although the exact role of ATP in vivo is not completely understood yet, it is clear that the effects of ATP ultimately depend on: a) the P2 receptor expression profile at specific skeletal sites (i.e. degree of expression of P2Y1,2 vs. P2X7), b) the presence of systemic factors at these specific sites, and c) the nature of mechanical stress (i.e. inducing low-level ATP release vs. massive ATP release).
SINGLE NUCLEOTIDE POLYMORPHISMS IN OSTEOPOROSIS
Osteoporosis is a multifactorial disease which is influenced by both environmental and genetic factors. A number of twin and family studies have shown that genetic factors play a significant role in the development of osteoporosis (59, 60) . Several candidate genes have been associated with low bone mass and osteoporosis. The first to be investigated was the vitamin D receptor gene. Though the initial studies were promising, subsequent studies showed that polymorphisms in this gene had only minor influence on bone mass. Other genes with products important for the regulation of bone mass have also been investigated. These include genes coding for collagen type I (COLIA1), the estrogen receptor (ESR1), and parathyroid hormone (PTH). As collagen type 1 is the primary collagen in bone, it is among the best examined. In an extensive meta analysis by Stuart Ralston et al including more than 26,000 persons, a single nucleotide polymorphism in intron 1, which encodes the alpha-1 chain of collagen type 1 was shown to be associated to bone mass of the lumbar spine so that individuals homozygote for the variant allele had a two to three percent decreased bone mineral density compared to the rest of the population (61). This association was confirmed in a study by Uitterlinden, where associations to both lumbar spine and hip bone mineral density was demonstrated (62). Also polymorphisms in ESR1 have been shown to be associated to bone mass and fracture risk. Two meta analyses by Ioannidis have demonstrated that individuals with the XX genotype at the XbaI restriction site have increased BMD (63)and decreased fracture risk (64)compared to individuals with the xx and Xx genotypes. Finally, studies have demonstrated that polymorphisms in the PTH gene are also associated to bone mass. In a Japanese population, carriers of the variant allele b for the BST BI restriction site in the PTH gene had a 7.7% lower BMD than individuals homozygous for the normal allele. Thus, a number of genes important for the regulation of bone mass and structure have been identified and mutations and polymorphisms affecting the expression of the gene products have implications on bone mass and strength. However, the effect sizes are relatively small, as osteoporosis is a polygenetic disease. As P2 receptors have been shown to be involved in most processes in the regulation of bone turnover (17), it is conceivable that alterations caused by genetic variation in the function of these receptors may affect the finely tuned balance between bone formation and bone resorption, subsequently affecting the bone status of the organism. However, only few studies have so far investigated the association between single nucleotide polymorphisms in the P2 receptor genes and osteoporosis risk, and these have mainly focused on the P2X7 and P2Y2 receptors: the following section is therefore focusing on SNPs in these two receptors. Although SNPs have also been described in genes for the other P2 receptors, no studies have addressed effects of these P2 receptor SNPs on bone turnover yet.
Functional P2X7 receptor SNPs
The P2X7 receptor gene is highly polymorphic with more than 260 single nucleotide polymorphisms (SNPs) found in the International HapMap project (www.hapmap.org). The P2X7 gene is located on the long arm of chromosome 12 (12q24), spans over 53kb and consist of 13 exons. To date at least 12 of the SNPs described by the International HapMap project have been demonstrated to be non-synonymous, meaning that they lead to an amino acid base change, and they have also been shown to affect P2X7 receptor function (Table 2) ( Figure  2) . Most of the impressive amount of work characterizing the effects of the twelve functional SNPs investigated so far has been carried out by Wiley and colleagues over the last decade using biological and genetic studies.
In 2001 Gu et al. were the first to describe a SNP in the P2X7 receptor at position 1513 (adenine to cytosine) in exon 13, coding for a glutamic acid to alanine acid at residue 496 (Glu 496 Ala). This SNP was found to be present in low frequency in the Caucasian population (65) . The Glu 496 Ala polymorphism is located in the carboxyl termini of the receptor, which is necessary for its permeability properties. It was shown in human leukocytes that the glutamate to alanine exchange at amino acid position 496 was associated with a loss of receptor function in terms of ATP-induced pore formation and apoptosis induction. Other studies confirmed the loss of function of the P2X 7 receptor due to the Glu 496 Alapolymorphism (66-69). Boldt et al. demonstrated that the Glu 496 Ala polymorphism did not change the cation-selective channel function of the P2X7 receptor in transfected oocytes and human embryonic kidney cells, but particularly induced a lack in formation of non-selective pores (70) .
A second SNP associated with loss of function of the P2X7 receptor is a polymorphism at position 1729 (thymine to adenine) in exon 13, localized within a (72) . In transfected human embryonic kidney cells it was shown that the mutated P2X7 receptor was non-functional, due to failure of trafficking of the mutant receptor to the cell surface as shown by the absence of surface P2X 7 immunoreactivity (72).
A third loss-of-function SNP is located in the extracellular domain of the P2X7 receptor gene within exon 9 at position 946 (guanine to adenine). It changes arginine to glutamine at residue 307 (Arg 307 Gln). Lymphocytes from subjects heterozygous for the A allele showed reduced pore and channel formation, while the expression of the mutant P2X7 receptor was normal (73) . Double heterozygous subjects (i.e. subjects heterozygous for both Arg 307 Gln and Ile 568 Asn polymorphisms) failed to show any functional P2X 7 receptor (73) .
A fourth P2X7 SNP was found by Skarrat et al. during a search for new mutations leading to functional changes in the P2X7 receptor, who described a splice site mutation (guanine to thymine) at position +1 of the first intron (74) . This mutation causes a null allele in 1-2% of the Caucasian population, due to absent levels of mRNA from the mutant allele, presumably involving the nonsensemediated mRNA decay pathway (68, 74) .
In 2005 a fifth non-synonymous SNP was found in the P2X 7 gene, located in exon 11 at position 1096 (cytosine to guanine), which changes threonine to serine (Thr 357 Ser) in a region of the carboxyl terminus that has been proposed as a β-arrestin-2 binding motif on the receptor (75) . Subjects heterozygous and homozygous for the Thr 357 Ser polymorphism had reduced ATP-induced ethidium + influx compared with wild-type subjects, indicating partial loss of the P2X 7 receptor-mediated pore formation and apoptosis of macrophages (75) . However, an almost neutral effect of the Thr 357 Ser polymorphism was shown more recently (67, 69) . (77) . Thus, the Arg 276 His SNP is also a major loss-of-function polymorphism.
In 2005 another gain-of-function SNP was identified (67) . This SNP is located at position 1068 and changes alanine to threonine (Ala 348 Thr). Interestingly, the initial study describing the SNP, demonstrated that it was associated with a slight reduction in agonist-induced calcium influx in primary lymphocytes (67) . In contrast, later reports showed that HEK-293 cells transfected with the contruct containing the mutated gene at this position, actually had an increased inward current as determined by patch clamp (76)as well as an increased dye-uptake and thus pore formation (78 Ala. In a study in a large Australian sample of 3,430 subjects genotyped for the 12 non-synonymous P2RX7 SNPs, the predicted haplotype block contained only five variants covering >99% of the genotyped subjects (77) . The P2X7-1 variant was the most frequent of the haplotype blocks with no variant alleles for the four SNPs (coinherited alleles: GCAA). The P2X7-4 variant contained variant alleles for both Ala 348 Thr and Gln 460 Arg (coinherited alleles: ACGA), while the remaining three variants (P2X7-2, P2X7-3, P2X7-5) each contained one variant allele (coinherited alleles respectively: ACAA, GCAC, and GGAA). However, interestingly when comparing the functional characteristics of the P2X7 receptor in HEK-293 cells transfected with constructs of either the P2X7-1 or P2X7-4 haplotype block, a significantly higher receptor function was found in the cells carrying the P2X7-4 variant, and the function was higher than what could be expected from the contribution of the Thr 348 gain-of-function. Furthermore, the increase in receptor function was not only in ethidium bromide uptake, but also in ATP-induced IL-1beta production (77), a feature unique to the P2X7 receptor among the P2 family. Thus, as the variant allele Arg 460 is only found in the P2X7-4 variant this implies, that the Arg 460 is a marker of gain-of-function.
Role of P2X7 receptor SNPs in osteoporosis
Data on associations between bone diseases and P2X7 receptor SNPs have been reported by the group of Jørgensen. These authors investigated the association of three non-synonymous SNPs (Glu 496 Ala, Ile 568 Asn and Gln 460 Arg) with bone mass, bone loss after menopause, and vertebral fracture incidence after menopause in a cohort of approximately 2,000 Danish postmenopausal women (The Danish Osteoporosis Prevention Study). It was shown that presence of the Ala 496 mutation was associated to increased fracture incidence at 10 years after menopause (31). This increased fracture incidence could be due to an increased number of osteoclasts, since it was shown earlier in lymphocytes that cells homozygous for the rare allele showed a decreased apoptosis compared to wild-type cells (65) . In vitro studies confirmed that osteoclasts from women homozygous for Ala 496 were significantly less susceptible to undergo apoptosis than osteoclasts from individuals not carrying the variant allele. Furthermore, the authors found that also the Ile 568 Asn polymorphism was significantly associated with an increased 10-year fracture incidence. In addition, the Ile 568 Asn polymorphism showed an association with effect of hormone replacement therapy. Postmenopausal women carrying the variant allele of the Ile 568 Asn SNP had greatly increased benefit of HRT compared to the homozygotes for the reference allele (31). In the same cohort it was recently investigated whether the Glu 496 Ala and the Ile 568 Asn polymorphisms influenced hip structural geometry. However, ,no significant association was found (80) . In addition, a preliminary report presents evidence that perimenopausal women with the Gln 307 mutation had a significantly lower lumbar spine BMD than women without this mutation, whilst a combined group of subjects who had any of the LOF SNPs had nearly ninefold greater annualized percent change in LS-BMD than subjects who were wild type at the SNP positions (Gartland et al., abstract) .
In a recent study the relation of four total loss-offunction SNPs in the P2X7 receptor gene with the susceptibility to aseptic osteolysis and with the risk of revision of total hip arthroplasty (THA) in a smaller cohort (81) was evaluated. Interestingly, the authors found an overrepresentation of carriers of the variant alleles of the Arg 307 Gln, Glu 496 Ala, Ile 568 Asn, and the intronic splice site mutation in the group receiving THA revision compared to those with unrevised functional prosthesis. . Furthermore, the carriage of the Gln 307 allele was associated with greater cumulative hazard of THA revision. However, the authors conclude that it is only a preliminary study, and the investigation in larger THA cohorts is warranted. However, these initial trends could imply that P2X7 receptor SNPs resulting in loss-of-function of the receptor might involve impaired prosthesis fixation and subsequently also reduced bone healing which has wide ranging implications.
Role of P2X7 receptor SNPs in other human diseases
Several association studies have determined P2X7 receptor SNPs as a susceptibility gene in relation to infections with intracellular pathogens such as tuberculosis as well as in mood disorders. Firstly, the P2X7 receptor has been shown to be important in the ATP-mediated killing of phagocytosed Mycobacterium tuberculosis. It has been shown that extracellular ATP via P2X7 can activate a bactericidal pathway that leads to death of the bacteria and initiates apoptosis of the infected macrophage carrying the live mycobacteria (82) (83) (84) (85) . Subsequently, epidemiological studies have shown an association between the Glu 496 Ala loss-of-function polymorphism and reactivation of latent tuberculosis, with a 3.5 times increased life-time risk in carriers of the variant allele (85, 86).
Functional P2Y2 receptor SNPs
The P2Y2 receptor gene is located on the long arm of chromosome 11 (11q13.4), spans over 18kb coding for 377 amino acids and consists of 1 exon. Three splice variants are known from this receptor. To date, 71 SNP are found within the P2Y2 receptor gene according to the international Hapmap project, with at least 4 leading to an amino acid change. Two of these 4 non-synonymous SNP are known to affect the function of the P2Y2 receptor.
Janssens et al. (87) -influx compared to wild-type cells (88).
Role of P2Y2 receptor SNPs in osteoporosis
As P2Y2 has been shown to have effects on both bone formation and bone resorption in vitro and in vivo in studies in P2Y2 knock-out mice,, showing changes in bone mass between knock-out and wildtype animals, it is conceivable that changes in P2Y2 receptor function as a result of genetic mutations or polymorphisms might affect bone mass and quality in humans. However, only recently a single study showed a positive association between SNPs in the P2Y2 receptor and bone status in humans. Again, in the Danish Osteoporosis Prevention Study cohort, the association between the Arg 312 Ser SNP and bone status at and after menopause was examined. It was found that subjects homozygous for the C (variant) allele of the P2Y2 gene had a significantly increased BMD at menopause, and that the rate of bone loss from 0 to five and ten years after menopause was 20-30% lower than both the heterozygous and the homozygous for the common allele (89) . This was accompanied by a decrease in urinary bone resorption markers, but with no change in bone formation markers. This would suggest that the difference might be due to reduced osteoclastic activity. However, so far no in vitro studies on the association of the SNP to bone cell function have been published.
Role of P2Y2 receptor SNPS in other human diseases
While several studies have demonstrated the association between P2X7 receptor SNPs and human disease, only very few studies have examined how the genetic variation in the P2Y2 receptor gene affects the risk of disease. Two recent studies in Japanese men have investigated the association of P2RY2 SNPs to essential hypertension (90) and myocardial infarction (91), respectively. They were able to demonstrate an association to the non-synonymous SNPs as well as to certain haplotypes. In another study, the distribution of genotypes for the Arg 312 Ser SNP in patients with cystic fibrosis and controls was examined. It was found that subjects with cystic fibrosis more frequently were carriers of the Arg 312 allele than the controls and that this was accompanied by a decreased receptor function in terms of calcium response to ATP stimulation as described above (88).
PERSPECTIVES
Although tremendous progress has been made in uncovering genetic variations within the P2 receptor genes that lead to a functional change of the receptor, only a few studies have focused on the association between these genetic variations and human bone phenotype.
Despite the hypothesis that functional changes in the P2 receptor genes may affect human bone mass, because it has been shown that P2 receptors play a central role in the bone physiology, future research is required in order to determine the exact role of genetic alterations leading to functional changes of the P2 receptor in human bone phenotype and human bone disease.
It is not only single nucleotide polymorphisms in the P2X7 or P2Y2 receptor genes that may be associated with the etiology and pathophysiology of human bone disease; single nucleotide polymorphisms in other P2 receptor genes (e.g. P2Y1, P2X4, P2Y6 and P2Y13) also might show an important association.
Research into genetic variations in the P2 receptor genes can be used to improve the diagnosis as well as risk assessment of bone diseases such as osteoporosis, which may lead to more effectively designed therapeutic or preventive treatments. Given the high disease load of osteoporosis and its projected dramatic rise over the next decades, such progress would be of great potential.
CONCLUSION
Thus, only a few studies have focused on the association of P2 receptor SNPs with bone mass and fracture incidence. However, as a number of these receptors are involved in the regulation of bone metabolism, the continued exploration of the role of genetic alterations in P2 receptor genes will possibly be of great importance in the understanding of the mechanisms leading to osteoporosis, though further studies within this field are highly warranted.
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